When BALB/cCF mice were crossed reciprocally with 4 other inbred strains, adult brain weights averaged 21.0 mg heavier for hybrid offspring with a BALB mother than those with a BALB father. Reciprocal backcrosses to BALB revealed that this effect was a consequence of the BALB maternal environment, not cytoplasmic or sex chromosomal influences. These findings demonstrate that BALB mice have heavier brains than those of several other inbred strains, partly because of chromosomal influences, but also because of their maternal environment, an environmental influence which usually functions as a component of heredity in studies comparing inbred strains. Backcrosses also revealed a maternal environment effect whereby offspring with an F 1 hybrid mother had adult brains averaging 9.0 mg heavier than those with a BALB mother.
INTRODUCTION
It is well known that the size of the mouse brain depends upon hereditary factors 5 , 17 and that it is also influenced strongly by postnatal nutrition 1, 14 and environmental 8 enrichment. However, there are certain circumstances, such as maternal environmental effects, where an influence on brain size is clearly significant, but cannot easily be attributed to either hereditary or environmental causes. The present study reveals two such maternal effects on brain size, one being the larger brains of F l hybrid mice having a BALB/c mother rather than BALB/c father, and the other being the larger brains of offspring of back-crosses having an F 1 hybrid rather than BALB/c mother.
To separate a maternal environmental effect from simple genetic influences on brain size of mammals, crosses must be done in a reciprocal manner 19 . If a BALB/c female mated with a C57BL/6 male yields offspring with larger brains than a C57BL/6 female mated with a BALB/c male, this could result from 3 things: (a) the sex chromosomes may be the site of genes exerting a positive influence on brain growth; (b) the cytoplasm of the egg of a BALB/c female may contain organelles or substances favourable for brain growth; (c) the BALB/c female may provide uterine and postnatal environments that are especially favourable for brain growth. These 3 possibilities can be examined separately using reciprocal backcrosses as indicated in Table I . The crosses B × BC and B × CB give the same maternal environment, cytoplasm (assuming the sperm contributes negligible cytoplasm) and distribution of non-sex chromosomes. Among male offspring, all receive the X chromosomes from B, but one group receives the Y chromosome from C and the other from B. Among female offspring, one group receives both X chromosomes from B and the other receives one X from each strain. The crosses BC × B and CB × B differ mainly with respect to the origin of the cytoplasmic organelles. The crosses B × BC and BC × B differ mainly in maternal environment, one being B and the other F 1 hybrid BC.
A series of reciprocal crosses of the strain BALB/cCF with 4 other inbred strains was done in order to study the mode of inheritance of deficient corpus callosum, a hereditary brain defect in the strains BALB/c and 1294J 20 . The results for corpus callosum size have been presented in detail elsewhere 21 . In the course of this study, two significant maternal effects on brain size were detected, and these are described in detail in the present report.
MATERIALS AND METHODS
Mice of the inbred strains A/J, C57BL/6J, DBA/2J and 129/J were procured from the Jackson Laboratory and then propagated at Waterloo using full-sib matings. As of November, 1979, the 129/J strain had been inbred for 83 generations and the other 3 strains had been inbred for at least 130 generations 7 . The BALB/cCF mice were purchased from Carworth Farms, which had obtained them from the Laboratory Animals Centre in the U.K. in 1968, which in turn had obtained BALB/cJ mice from Jackson in 1955 after 61 generations of inbreeding. By 1978 the strain had been inbred for over 100 generations 21 and is presently maintained at Waterloo using fullsib matings. Because the mice bred at Waterloo differ from their ancestors procured from Jackson and Carworth with respect to body and brain size 20 , only data for mice bred at Waterloo are included in this report. Some of the inbred strain parents of F 1 hybrid mice were reared at Jackson Laboratories, but their data are not used because of the substantial supplier effect. Thus, data for inbred strains given in Table I do not comprise all the data for parents of F 1 hybrids.
Mice were housed in 29 cm × 18 cm × 13 cm opaque plastic mouse cages with `Betta-Chip' hardwood bedding, plus a few sheets of toilet tissue for nesting, and they were given free access to tap water and Master MLM rodent food (Maple Leaf Mills, Toronto, Canada). One male was mated with one to 3 females in a clean cage, and each female was isolated when she became visibly pregnant. The litters (unculled) were weaned at 30 days of age, and in several instances the parents were remated to produce a second litter. Data for first and second litters were pooled for analysis because a t-test on the 45 matched litters from the same mothers revealed no significant difference in brain weight (P > 0.40).
At various ages mice were anesthetized with pentobarbital sodium, weighed and then perfused intracardially with saline followed by buffered formalin. Fixed brains were removed from the skull, carefully trimmed and blotted, and then weighed to the nearest milligram. Parts trimmed away were those which were sometimes missing or of a variable size because of problems in extraction (olfactory bulbs, optic nerve, trigeminal nerve, paraflocculi and spinal cord). This procedure yields smaller within-group variance , but it also results in a slightly lower mean brain weight.
The 29 mating combinations done for this study are listed in Table I .
RESULTS
The present report involves data only for mice with corpus callosum of normal size (cross-sectional area at least 0.82 mm 2 or length at midplane at least 2.90 mm; see Wahlsten 20, 21 for details) in order to be sure that effects on brain weight in no way reflect pathological conditions. Many mice of the strains BALB/cCF and 129/J showed absence or deficiency of transcortical axons in the corpus callosum. No F 1 hybrid mice showed the defect, but 39 of 997 mice in backcross groups had defective CC, most of which involved crosses with 129/J. Analyses reported herein were also done with inclusion of mice with abnormal CC, but results were essentially the same.
The vast majority of mice in backcross groups were perfused in an age range from 70 to 110 days, but many inbred and F 1 hybrid mice were perfused much later because they were used for breeding or held in reserve in case a littermate was infertile. For this reason, all data were corrected for variation in age at perfusion using a regression procedure described in detail by Wahlsten 20 . Linear and then quadratic regressions of body and brain weight on age were computed separately for each cross and sex, and where the regression was statistically significant (α = 0.05) the measure for each mouse was transformed to values it would have had at 100 days of age. The common age of 100 days was used because it was near the median age of backcross mice and thus entailed the smallest change in mean scores because of the correction procedure. The actual regression equations are available from the author upon request.
Data corrected for age were analyzed in two ways in order to evaluate effects of different variables. First the data for all mice of each cross were pooled across litters in order to assess sex differences. However, there was evidence that mice from larger litters tended to have smaller brains. To assess the contributions of litter size effects to differences between crosses, an analysis of covariance was necessary, but this could only be done
ones, had all mice of one sex. Consequently, the analysis done on individual scores was repeated using litter mean scores. Mean brain and body weights are given separately for males and females of each cross in Table I . Analysis of variance for data of the F 1 hybrids revealed highly significant effects of the strain to which the BALB mice were crossed for both brain weight (P < 0.001, F = 185.8; df = 3,331) and body weight (P < 0.001, F = 178.3; df = 3,329). The effect of strain was also significant in an analysis of data from backcrosses for both brain weight (P < 0.001, F = 12.0; df = 3,927) and body weight (P < 0.001, F = 7.9; df = 3,927), although the actual strength of the strain effect was much smaller among the back-crosses than the F 1 hybrids. There were no significant sex differences in brain weight among either the F 1 hybrid or backcross mice (P > 0.10), but body weights were obviously larger for males than females in all crosses.
Of particular interest was the large reciprocal F 1 hybrid effect. Mice with a BALB mother had brains that averaged 18.1 mg heavier than those with a nonBALB mother (P < 0.001, F = 68.2; df = 1,331), and they also had bodies that averaged 1.3 g heavier (P < 0.001, F = 32.9; df = 1,331). Because the interaction between the reciprocal effect and the strain effect was not significant for either brain or body weight, it was apparent that the reciprocal effect was of similar magnitude for mice derived from each of the 4 inbred strains. The cause of the reciprocal effect could not be determined from the F 1 hybrid data, however. Sex chromosome, cytoplasmic, and/or maternal environment influences could have resulted in a superiority of the BALB mothers. To separate these effects, analysis of the backcrosses was necessary. This revealed that mice with an F 1 hybrid mother had brains that were 9.7 mg heavier than those with a BALB mother, a highly significant maternal environment effect (P < 0.001, F = 51.4; df = 1,927), but that there was no significant difference between brain weights of mice whose F 1 hybrid parent had had a BALB mother or non-BALB mother (P > 0.10). This latter finding means that in backcrosses with a BALB mother, for example B × BA and B × AB , it did not matter whether the father was a BA or AB hybrid, which persuasively exludes a sex chromosome effect; and in backcrosses with a BALB father, for example BA × B and AB × B, it did not matter whether the mother was a BA or AB hybrid, which argues against a cytoplasmic effect. If sex chromosome and cytoplasmic effects were not present in the backcrosses to BALB, they very likely were not present in the F 1 hybrids either, and hence the reciprocal effects in both F 1 hybrids and back-crosses must have resulted from effects of maternal environment. There was a significant interaction between the maternal environment effect and the strain effect among backcross mice (P < 0.001, F = 5.2; df = 3,927), which means that the magnitude of the maternal effect was not the same for backcrosses derived from all 4 non-BALB inbred strains. The differences in brain weights between mice with BALB and F 1 hybrid mothers were 5.2 mg, 13.8 mg, 4.1 mg and 17.6 mg for backcrosses involving the A, C57, DBA and 129 ancestral strains, respectively. A similar pattern of results occurred for body weight of backcross mice.
Although the maternal environment effects may have modified all components of body size, there was some indication that brain weight was especially sensitive to the maternal environment. Because there is no genetic variability within an F 1 hybrid group, the relation between brain and body size among group members must result from small variations in pre-and postnatal environments which affect the growth of brain and other organs similarly. Linear regression of brain weight on body weight done separately for each sex of each F 1 hybrid cross revealed that within an F 1 hybrid group a 1.0 g increase in body weight was associated with an average of 3.8 mg increase in brain weight (averaging regression coefficients for groups with more than 10 members). The magnitude of the BALB/c maternal effect, however, was substantially larger; for every 1.0 g increase in body weight resulting from the maternal effect, there was an average of 10.9 mg increase in brain weight (neglecting crosses with 129/J which had small sample size).
It is likely that the same pattern occurred within the backcross groups. The average regression coefficient of brain weight on body weight within each sex of each backcross group was 5.4 mg/g (neglecting the ØB × B groups), whereas the average magnitude of the F 1 maternal effect between the reciprocal backcrosses was 6.65 mg/g. Although these two linear relations are numerically similar, the within-group relation was probably inflated by genetic variation within the segregating backcross groups, and the environmental contribution to the relation was probably somewhat smaller than 5.4 mg/g. Among the 52 F 1 hybrid litters, those with a BALB mother contained more mice on average than those with a non-BALB mother (7.4 and 6.0 mice per litter, respectively; P < 0.01, F = 7.5; df = 1,44), and brain weights tended to be slightly smaller in larger litters. Because there were no sex differences in brain weight, the mean brain weight was determined for each litter and then subjected to analysis of variance. The magnitude of the reciprocal F 1 hybrid effect (17.5 mg) derived from litter means was very similar to that derived above from individual scores and was statistically significant (P < 0.001, F = 18.6; df = 1,44). When the linear relationship with litter size was first removed with analysis of covariance, the reciprocal F 1 hybrid effect on brain weight was even larger (21.0 mg superiority of litters with a BALB mother).
Although there were no significant differences in litter size among the 146 backcross litters (P > 0.10), larger litters tended to have smaller brains. Analysis of variance on litter mean brain weights revealed a significant maternal environment effect (11.2 mg heavier brains for litters with an F 1 hybrid mother; P < 0.001, F = 14.2; df = 1,130) but no significant sex chromosome or cytoplasmic effects (P > 0.7). When litter size was used as a covariate, the magnitude of the maternal effect was somewhat smaller (9.0 mg; P < 0.001, F = 11.0; df = 1,129) but there were still no sex chromosome or cytoplasmic effects (P > 0.6).
In the course of analyzing litter means it was noticed that mice of a particular cross born in 1979 tended to have larger brains than others born in either 1977, 1978 or 1980. It was not possible to include year of birth as an independent variable in a single analysis of covariance for all F 1 hybrids or back-crosses because not all crosses were produced in each year. However, the reciprocal crosses derived from a particular ancestral strain were produced in the same years, which made it possible to do separate analyses on the 4 groups of F 1 hybrids and 4 groups of back-crosses derived from the 4 non-BALB inbred strains. This procedure made it possible to evaluate the magnitude of the maternal environment effect adjusted for both year of birth and litter size using the Multiple Classification Analysis procedure of the SPSS program package 15 .
The magnitude of the BALB maternal effects estimated in this way were 18.1 mg, 12.5 mg, 24.7 mg and 33.2 mg for crosses with the A, C57, DBA and 129 strains, respectively. The effect for the crosses with C57 was of marginal significance (P = 0.08), which primarily reflects low power of the test resulting from small (9) degrees of freedom in analysis of covariance using litter means. The effect for the crosses with 129 should not be taken too seriously because there was only one litter in the Ø x B group owing to breeding difficulties. Nevertheless, the brains in this litter of 5 mice were unusually small for that litter size, which is quite consistent with the maternal effects observed for crosses with the other strains. The mean brain weights for the reciprocal F 1 hybrids adjusted for year of birth and litter size are presented in Fig. 1 . Thus, results of separate analyses of individual scores and litter means are very similar, the only noteworthy differences being the lack of a significant maternal environmental effect in backcross mice derived from the A strain and emergence of a large maternal effect for those derived from DBA when adjustments for both year of birth and litter size are made.
